Study Objectives: To investigate the prevalence of concurrent periodic limb movements during sleep (PLMS) and restless leg syndrome (RLS), as well as the prevalence of PLMS and RLS separately. Additionally, we document these prevalences by age, race/ethnicity, sex, and obesity status.
Introduction
Restless legs syndrome (RLS), also known as Willis-Ekbom disease, is a neurological disease characterized by an unrelenting urge to move at night. RLS symptoms are often described as a "creeping" or "crawling" feeling located within the legs, which worsens during times of rest or inactivity and are relieved by movement [1] . In addition to causing disordered sleep, RLS has been associated with lower quality of life, hypertension and cardiovascular disease [2] [3] [4] . Diagnostic criteria for RLS have been developed by the International Restless Legs Syndrome Study Group (IRLSSG) and other groups in order to standardize the diagnosis of RLS [5, 6] .
Periodic limb movements during sleep (PLMS) are characterized by "repetitive" and "forceful" contraction of muscles within the leg and foot during sleep and occur in up to 80%-90% of RLS cases [7, 8] . Risk factors for PLMS are similar to those of RLS [9] . PLMS has been recognized by the IRLSSG as a clinical feature supportive of the diagnosis of RLS and their frequency correlates to the severity of RLS [5, 10] . The clinical association of RLS and PLMS is further supported by genome-wide association studies which have identified associations between both phenotypes and variants in the genes, PTPRD, BTBD9, and MEIS1 in independent population samples [11] [12] [13] [14] , suggesting that PLMS may be an endophenotype for RLS. Due to these shared characteristics, the co-occurrence of RLS and PLMS, and concerns about the subjectivity of traditional RLS definitions, it has been proposed that a more accurate diagnosis of RLS can be achieved through the incorporation of objective measures of PLMS when defining RLS [9, 10] . This condition has been termed electroclinical RLS [9, 10] .
Prior epidemiological studies have yielded divergent estimates for the prevalence of RLS in the general population, with estimates ranging from 1% to 15% in North American and European populations [15, 16] . The variation in prevalence estimates may be due to differences in the methodology for identifying RLS (e.g. including the subjective nature of RLS and changes in diagnosis criteria), as well as differences in sample characteristics, study designs, and/or data collection methods [10] . In general, the prevalence of RLS increases with age and is higher among individuals who are Caucasian, female, and obese [3, [15] [16] [17] . To date few, if any, studies have utilized a definition of RLS, which incorporates the PLMS condition, which may identify a subset of individuals with unique features.
Using data from the community-based Multi-Ethnic Study of Atherosclerosis (MESA), we report the prevalence of electroclinical RLS in a racially/ethnically diverse sample. We hypothesize that the prevalence of electro-clinical RLS will differ by race/ ethnicity, and will be higher in individuals who are older, female, and/or obese.
Methods

Study population
The MESA is a prospective cohort study started in 2000 to evaluate cardiovascular disease risk factors in a racially/ethnically diverse study population [18] . This cohort is comprised of 6814 men and women aged 45-84 years who were free of cardiovascular disease at a baseline examination. Participant recruitment sites, and races/ethnicities recruited from each site, are as follows: Baltimore, Maryland (whites and blacks); Chicago, Illinois (whites, Chinese-Americans, and blacks); Forsyth County, North Carolina (whites, blacks, and Hispanics); Los Angeles, California (all races/ethnic groups); Manhattan, New York (whites, blacks, and Hispanics); and St. Paul, Minnesota (whites and Hispanics). A total of five clinical examinations have now been completed. The study protocols have been approved by all participating institutions, and participants provided written informed consent.
A total of 4655 participants took part in MESA Exam 5 (2010 Exam 5 ( -2012 and were invited to participate in a sleep exam, consisting of an in-home overnight polysomnogram, 7 days wrist actigraphy, and sleep questionnaire administration. Of 4077 Exam 5 participants approached to take part in the sleep study, 147 (6.5%) were ineligible (95 due to a history of use of positive airway pressure or mandibular advancement devices to treat sleep apnea (2%); 4 due to use of an alternate oral appliance; and 4 due to oxygen use); and 141 participants lived too far away to participate. Of the remaining 3789 participants, 2261 participated in the MESA Sleep ancillary study (59.7%). Individuals with missing data for RLS and/or PLMS were excluded for the purposes of this analysis, leaving a final sample size of 2041.
Quantification of RLS and PLMS
RLS was assessed using a four-item questionnaire developed by the IRLSSG 2003 diagnostic criteria [19] . Individuals were considered to have RLS if all four questionnaire items were positively indicated (Table 1) .
PLMS, as well as other physiologic sleep data, were measured using type II unattended in-home polysomnography (Compumedics Somte Systems; Compumedics Ltd., Abbostville, Australia). The recording montage included electroencephalography (central C 4 -M 1 , occipital O z -C z , and frontal F z -C z channels), chin electromyography, bilateral electro-oculography, airflow measured by thermistry and nasal pressure, thoracoabdominal respiratory inductance plethysmography, finger pulse oximetry, electrocardiography, and bilateral leg movements piezoelectric sensors. Sleep stages and arousals were scored using standard criteria [20] . Only leg movements that lasted between 0.5 to 5 seconds and had a clear difference from baseline amplitude were scored. This approach compares well to methods using leg EMG. A blinded in-laboratory validation study in 51 subjects to compare piezoelectric and electromyographic leg sensors in PLMS detection found high levels of agreement, r = 0.81. Leg movements were considered periodic if a minimum of four movements occurred successively in intervals ranging from 5 to 90 seconds and were not exclusively associated with the termination or respiratory events.
Based on the polysomnography data, two indices were created. A periodic limb movement index (PLMI) was calculated by summing the total number of individual periodic limb movements and dividing by the total hours of sleep. The periodic limb movement arousal index (PLMAI) represents the total number of periodic limb movements per hour of sleep where arousal occurred within 3 seconds of the termination of the leg movement. A PLMI of >15 was used as the threshold for PLMS and a threshold of PLMAI >5 was used in a separate analysis [21] . Participants were considered to have electro-clinical RLS if requirements for both RLS and PLMS were met (Table 1) .
Demographics, body mass index and covariates
Information about age, sex, and race/ethnicity were obtained from self-completed questionnaires. For analysis, age was treated as a dichotomous variable divided at the median value, 67 years. Race/ethnicity was categorized as white, black, Hispanic, or Chinese. At the Exam 5 clinic visit, height was measured to the nearest 0.1 cm and weight to the nearest 0.5 kg. Body mass index (BMI) was calculated from height and weight measurements as weight (kg) divided by height squared (m Other information collected at MESA Exam 5 included medical history for diabetes mellitus, physical activity level, depressive symptoms, medication use, education, income, smoking status, and alcohol consumption. Diabetes mellitus was categorized as yes if indicated as such during examination. The MESA Typical Week Physical Activity Survey was utilized to assess physical activity. A physical activity score was calculated based on the summation of reported time performing physical tasks for a typical week multiplied by the metabolic equivalent level for the tasks performed. Physical activity was log-transformed due to non-normal distribution of data. Depressive symptoms were assessed with the Center for Epidemiological Studies Depression Scale (CES-D) and were modeled dichotomously with a cutpoint at 16; scores at this point or higher are typically indicative of clinically significant symptomatology [22] . Antidepressant use was categorized as yes based on the use of tricyclic antidepressants, selective serotonin reuptake inhibitors, serotonin-norepinephrine reuptake inhibitors and other antidepressants. Level of education was categorized as high school or less, some college, or bachelors/graduate degree. Annual income was grouped into four categories: <$25 000, $25 000-$39 999, $40 000-$74 000, and >$74 000. Smoking status was identified as never, former, or current. Alcohol consumption was dichotomized as current or not current. Information on dopaminergic medications used to treat RLS or other neurological conditions was also obtained (i.e. 
Statistical methods
Characteristics of the cohort were compared across racial/ethnic groups. Prevalences and 95% confidence intervals (CIs) are also provided according to the primary outcome definition, which was a categorical definition using information on RLS and PLMS as indicated by a PLMI of >15: electro-clinical RLS (+RLS/+PLMS), RLS alone (+RLS/−PLMS), PLMS alone (−RLS/+PLMS), and neither RLS nor PLMS (−RLS/−PLMS). Secondary outcomes were RLS (yes/no) defined per questionnaire, PLMS, (>15 versus ≤15 movements per hour) and PLMAI (>5 versus ≤5 movements per hour of sleep with arousals).
The primary analyses employed multinomial regression because the outcome had more than two discrete categories. Results are presented as odds ratios with 95% confidence limits. We used a series of models to analyze the association between the demographics, BMI categories, and RLS/PLMS. The first model included the following characteristics: race/ethnicity, age, sex, BMI, and site. When not the exposure of interest, the model was adjusted for the remaining variables. Model 2 additionally adjusted for education, income, dichotomized CES-D depression score, smoking status, alcohol consumption, physical activity, and medication use. In the secondary analysis, we reported results for the RLS and PLMS (defined via both PLMI and PLMAI) conditions separately using prevalence ratios calculated via log-binomial regression. Additionally, in sensitivity analyses we explored a) counting individuals taking dopaminergic medications (n = 10) as having RLS and PLMS, and b) excluding these individuals. SAS version 9.3 was used to analyze the data (SAS Institute; Cary, North Carolina).
Results
The mean age in the analytic sample was 68.4 (SD = 9.1) years and 53.6% were female. Demographic, anthropometric, and other characteristics of the cohort stratified by race/ethnicity are provided in Table 2 . Among the participants, 36.2% self-identified as white, 28.0% as black, 23.9% as Hispanic, and 11.9% as Chinese-American.
The prevalence of participant characteristics stratified by our four primary outcome categories (i.e. Table 3. Supplementary Table 1 provides the number of individuals in our sample by outcome category and participant characteristics. Overall, 465 participants (22.8%) had RLS and 570 participants (27.9%) had PLMS, while 6.7% met the definition for electro-clinical RLS. Among those with RLS (n = 465), 29.5% also had PLMS (n = 17). Electro-clinical RLS was identified in 7.0% of whites (n = 52), 4.9% of blacks (n = 28), 10.1% of Hispanics (n = 49), and 3.3% of Chinese-Americans (n = 8). Among those with electro-clinical RLS, 21.2% (29/137) were identified as using antidepressant medications (i.e. benzodiazepines, non-tricyclic antidepressants other than monoamine oxidase inhibitor [MAOI] , tricyclic antidepressants other than MAOI, or norepinephrine-dopamine reuptake inhibitor). Of those with electroclinical RLS, 3.0% (4/137) were using dopaminergic medications.
electro-clinical RLS [+RLS/+PLMS], RLS without PLMS [+RLS/−PLMS], PLMS without RLS [−RLS/+PLMS], and no PLMS or RLS [−RLS/−PLMS]) are provided in
Associations of demographics and BMI with electro-clinical RLS
The odds of the electro-clinical RLS, relative to no RLS/ PLMS, can be found in Table 4 . Blacks had lower odds of Odds of electro-clinical RLS tended to be higher among participants who were older than 67 years, female, overweight, and/ or obese when compared to participants younger than 67 years, males, or of normal BMI; however, results were only statistically significant for age. Compared to participants ≤67 years old, those aged >67 years had odds of electro-clinical RLS of 1.76 (1.23-2.53) in minimally adjusted models and 1.62 (1.09-2.40) in fully adjusted models.
A sensitivity analysis was conducted restricted to the 1638 participants without diabetes, a possible source of secondary RLS (Table 5) [3, 7, 15, 23] . Most estimates remained unchanged, though the electro-clinical RLS odds ratio estimate among blacks was no longer significant in either the fully adjusted models. This may have been due to poorer precision in this analysis.
Sensitivity analyses were also conducted to explore the impact of dopaminergic medications on our findings. Only 10 participants in our sample (0.5% of our total sample) were taking these medications. Results were virtually identical in analyses where we (1) classified these individuals as having RLS and PLMS and (2) excluded them (data not shown). Table 4 ). In contrast to the electro-clinical RLS models where the prevalence was similar, RLS prevalence ratios (PRs) were qualitatively higher among Hispanics compared to whites (PR 
Associations of demographics and BMI with RLS, PLMI, and PLMAI
Discussion
Within the context of the community-based MESA cohort, which includes a multi-racial/ethnic sample of older adults, 6.7% of the cohort met criteria for electro-clinical RLS, defined as having both RLS by IRLSSG criteria and PLMS (PLMI > 15). The odds of having electro-clinical RLS were significantly higher among older individuals, but lower for blacks relative to whites. The odds of electro-clinical RLS also tended to be greater among those who were obese, but this relationship was not statistically significant. The prevalence of RLS without PLMS was 16.1%, while the prevalence of PLMS without RLS was 21.1%. A total of 29.5% of those with RLS also had PLMS. Notably, electro-clinical RLS was not associated with sex while RLS alone was more common in women. While RLS-PLMs was no different in Chinese compared to whites, RLS alone was less prevalent in Chinese.
Prevalence of electro-clinical RLS
Of the MESA Sleep participants, 6.7% were classified as having electro-clinical RLS. Comparatively, under the 2003 diagnostic criteria for RLS, prevalence in the study population was 22.8%. Prior studies, which have typically defined RLS without considering PLMS or PLMA, have estimated the prevalence of RLS to be 1%-15% in North American populations [15, 16] . The wide range of estimates generated by these studies may be due, in part, to challenges in consistently eliciting symptoms of RLS, the potential lack of specificity of these symptoms, and the lack of objective measures for RLS. One of the current issues in the estimation of RLS prevalence lies with the subjective nature of using questionnaire data as the diagnostic method [7, 9, 23] . It has been suggested that the inclusion of PLMS to the essential diagnostic criteria for RLS may improve the specificity of RLS diagnoses [9, 10] . The difference seen between the prevalences of electroclinical RLS (6.7%) and questionnaire-based RLS (22.8%) in the present study supports this notion. Our results also suggest that RLS and/or PLMS phenotypes differ by age, sex, and race/ ethnicity, and use of both RLS and PLMS criteria could better characterize individuals with different subphenotypes. Further research is needed to better understand whether the entities of electro-clinical RLS, RLS alone and PLMS alone are distinct, and if so, the optimal measurement approaches for identifying these often overlapping conditions.
Association of electro-clinical RLS with race, sex, age, and BMI
Our results expand upon findings from prior studies that have reported associations between race/ethnicity and RLS [2, 24, 25] . Specifically, in our sample, there was evidence that black participants had lower odds of electro-clinical RLS than white participants, while Hispanic participants had odds similar to those observed in whites. The association in black participants is supported by prior studies done in the United States which suggest that the prevalence of RLS is higher in European-Americans than in African-Americans and Latino Americans [16, 26] . We observed a tendency for lower odds of electro-clinical RLS and a significantly lower odds of RLS in the Chinese-American participants compared to whites, consistent with prior work suggesting that Asian populations may have a significantly lower prevalence of RLS when compared to other racial/ethnic groups [3, 27, 28] . Relatively few studies of RLS have been conducted in East Asian populations; in a Singaporean population, the prevalence of RLS was estimated to be 0.1%, while in a Korean population the estimate ranged from 0.9% to 12.1% [3, 7] . Notably, these studies did not use uniform definitions of RLS.
As in other studies [7, 16, 27] , older age was associated with higher odds of RLS in the MESA population. Using the electroclinical RLS definition, participants aged 67 years and older were found to have 62% greater odds of having RLS, compared to younger study participants. Age is considered a risk factor for RLS with a number of studies suggesting a higher prevalence of RLS in the elderly population [7, 16, 27] . The prevalence of PLMS is also known to increase with advanced age [29] .
Sex was not associated with odds of electro-clinical RLS in the MESA sample. Similarly, the prevalences of PLMI and PLMAI did not differ by sex in the MESA sample. Prior studies have reported that females are more likely to experience RLS than are males [3, 7, 16, 27, 28] . When defining RLS by questionnaire only, our data also show that the odds of RLS was higher in females than in males. Yeh et al. [16] have previously warned that sex differences in RLS assessed by questionnaire may reflect differences in thresholds for reporting symptom, with men tending not to report symptoms until they are severe. Alternatively, women may preferentially be affected by pathologies resulting in RLS symptoms but not to the nocturnal manifestations of PLMS.
Contrary to our expectations, obese participants did not have higher odds of electro-clinical RLS. Several recent studies have implicated overweight and obesity as risk factors for the development of RLS and PLMS [1, 16, 17] . For instance, a crosssectional study by Gao et al. [17] reported a positive correlation between RLS and increasing BMI, with odds of RLS being 42% higher for participants with BMI > 30 compared to those with BMI < 23 kg/m 2 . A prospective study by De Vito et al. [1] evaluating the association of obesity with RLS also suggested that obese individuals had as much as 57% greater odds of developing RLS. While estimates in our study were somewhat elevated among the overweight (BMI 25 to < 30) and obese (BMI ≥ 30) groups as seen in other studies, these figures were not statistically significant. Notably, our population was aged 54-93 years, which is older than most prior studies that have evaluated this research question. It is possible that unintentional weight loss, which is common among the elderly [30] , may have influenced our findings. It is also possible that these findings were influenced by the potential confounding influences of obesity on sleep-disordered breathing. Limb movements are not scored when occurring concurrently with sleep disordered breathing events, which could result in under-estimation of PLMs in individuals with sleep-disordered breathing who tend to be obese.
Physiologic underpinnings of observed associations
Existing literature suggests that the biological mechanism for RLS and PLMS involves dopaminergic dysfunction and iron deficiency. Genetic factors have also been implicated as contributing to RLS [31] . Epidemiological data suggest that levels of iron stored in the body differ by race [32, 33] ; which, along with genetic differences, could help explain the differences in both RLS and PLMS prevalence between racial/ethnic groups [5, 34, 35] .
There are also plausible biologic mechanisms to explain our finding that the prevalence of electro-clinical RLS was higher in older as opposed to younger individuals. Evidence suggests that the typical age-related increase in levels of brain iron is inhibited in individuals suffering from RLS [3, 16, 36] . Also, recent research has suggested that aging is associated with a loss of dopaminergic function [37] . It is possible that age-related inhibition of brain iron stores may be compounded by a simultaneous reduction in dopaminergic function, leading to a higher prevalence of electro-clinical RLS in older individuals.
Strengths and limitations
This study has several important limitations. The crosssectional nature of this study prevented us from evaluating incident electro-clinical RLS. Also, in 2012 the IRLSSG adopted new RLS diagnostic criteria [5] , which required that conditions that can mimic RLS be ruled out, such as edema, arthritis, leg cramps, or myalgias. Unfortunately, as our data collection began in 2011, we utilized the older IRLSSG criteria [19] , and this may have contributed to the high prevalence of RLS without electrical evidence in the present study. Also, the present analysis did not account for severity of RLS. It is also important to consider that only one night of objective PLMS measurement was conducted, which may have led to misclassification given the known night-to-night variability of PLMS [38, 39] . In assessing other factors of interest, this study was limited by an inability to fully evaluate age as a risk factor for electro-clinical RLS, given the older age of our study population (range 54 to 93 years). Additionally, small sample sizes within racial/ethnic groups resulted in low precision for some analyses. This was most noticeable for analyses comparing Chinese Americans to other racial/ethnic groups. Despite these limitations, this study has several strengths. The greatest strengths of our study are the overall large sample size in a racially/ethnically diverse cohort (allowing comparisons of multiple racial/ethnic groups while controlling for location thus limiting the effect of environment), and assessments for both RLS and PLMS. PLMs were recorded using piezo sensors-which, however, have shown to provide reliable estimates of leg movements. By using objective measures to detect PLMS and by incorporating PLMS into the current clinical diagnostic criteria for RLS, a more specific definition of RLS can be utilized. However, individuals experiencing symptoms of RLS without PLMS remain clinically important, and further research is needed to understand this subgroup.
Conclusions
Of the MESA study participants, 6.7% were classified as meeting study criteria for electro-clinical RLS. Odds of electro-clinical RLS were elevated for older compared to younger participants, tended to be lower among participants who were black and of Chinese ancestry, relative to whites, and no different in men compared to women. This study provides some of the first information about the prevalence of electro-clinical RLS in the general population, and how it varies by key demographic characteristics.
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